Abstract: Momilactones A and B (MA and MB, respectively) are phytoalexins and plant growth inhibitors available in rice husks. However, to date, the isolation and purification of the two compounds have been complicated, laborious, and less effective. The present study was conducted to establish a protocol to simplify and optimize quantities of MA and MB by combinations of ethyl acetate (EtOAc), distilled water, methanol (MeOH), temperature, and pressure for extractions. At a temperature of 100 • C, combined with EtOAc and MeOH 100%, MA and MB were enriched in greater quantities than non-treated rice husks, of which MB was much augmented than MA. The EtOAc extract obtained from samples dried at 100 • C for 1 h, then placed in MeOH 100% for 1 week, provided maximum yields of MA [58.76 µg/g dry weight (DW)] and MB (104.43 µg/g DW). The use of pressure effectively enhanced yields of MA (17.90-26.26 µg/g DW) and MB (40.78-71.0 µg/g DW).
Introduction
Rice husks are an agricultural waste that farmers have experienced difficulties disposing of in large quantities. However, rice husks are reported to be an effective source for weed management in crops [1] [2] [3] . Among plant growth inhibitors that have been detected in rice husks, such as phenolic acids, fatty acids, phenylalkanoic acids, hydroxyamic acids, terpenes, and indoles, momilactones A (MA) and B (MB) have showed a particular potency for controlling weed emergence [4, 5] . Trials carried out in fields, greenhouses, and laboratories showed that MA and MB were promising for weed management [6] [7] [8] [9] . Chemical structures of MA and MB are shown in Figure 1 . MA and MB were first identified and isolated from rice husks and it was reported that they caused inhibition on germination and root elongation of rice seedlings [10] [11] [12] . Momilactone is the combination of two words: momi means rice husk in Japanese, and the chemical structures of MA and MB are lactone ( Figure 1 ). The two compounds were also found in rice leaves and straws and documented as phytoalexins [13] [14] [15] [16] [17] . Several analytical methods to identify and quantify MA and MB by reverse phase-high performance liquid chromatography (RP-HPLC) [18] , thin layer chromatography and flame ionization detection (TLC/FID) [19] , high-performance liquid chromatography-tandem mass spectrometry (HPLC-MS-MS) [20] , thin layer chromatography (TLC) [21] , chromatography mass spectrometry in the selected ion monitoring mode (GC-MS-SIM) [14] , and gas chromatography-mass spectrometry (GC-MS) [8, 22] ; The uses of cold percolation and extracting solvents of either methanol (MeOH) or MeOH-H2O (8:2 w/w) to isolate MA and MB have been reported [11, 12, 23] . However, the actual yields of MA and MB purified by column chromatography were low (MA: 0.8-15 µg/g; MB: 0.5-10 µg/g husks) [10, 12, 23] . Therefore, methods to enrich and optimize quantities of MA and MB in rice husks are needed.
Although phenolics play an important role in rice allelopathy [24] , MA and MB showed a particular mode of action on plant inhibition [25] . MA and MB have been found only in rice plants and rice exudates, but they were also observed in the moss Hypnum plumaeforme [21, 26] , although the two plants are taxonomically quite distinct [26] . Besides allelopathy, MA and MB were recently reported to correlate to drought and salinity tolerance in rice [22] . MA and MB have been found in rice leaves, husks, straws, and root exudates [14, 20, 25, 27, 28] . The gene involved in the biosynthesis of MA has been identified in Echinochloa crus-galli [29] . Contents of MA and MB depended on rice varieties, growing stage, and extraction methods [5, 22, 26, 30] . The use of high temperature in extraction, combined with relevant extracting solvents may effectively enrich yields of natural products [26] .
In this study, the effectiveness of different extractions by using combination of distilled water, MeOH, and ethyl acetate (EtOAc) combined with boiling and heating conditions, and pressure to optimize yields of MA and MB was examined.
Materials and Methods

Preaparation of Rice Husks and Extracts
An amount of 30 kg dried rice husks (subtype: Japonica; var. Koshihikari) were collected from rice mills in Saijo area, close to Hiroshima University, Higashi Hiroshima, Japan, in August 2017. The rice husks were ground to a fine powder and immersed in MeOH 100% for 2 weeks at room temperature. Then, this was concentrated under vacuum to produce an extract for isolation and purification of MA and MB. MA and MB were first identified and isolated from rice husks and it was reported that they caused inhibition on germination and root elongation of rice seedlings [10] [11] [12] . Momilactone is the combination of two words: momi means rice husk in Japanese, and the chemical structures of MA and MB are lactone (Figure 1 ). The two compounds were also found in rice leaves and straws and documented as phytoalexins [13] [14] [15] [16] [17] . Several analytical methods to identify and quantify MA and MB by reverse phase-high performance liquid chromatography (RP-HPLC) [18] , thin layer chromatography and flame ionization detection (TLC/FID) [19] , high-performance liquid chromatography-tandem mass spectrometry (HPLC-MS-MS) [20] , thin layer chromatography (TLC) [21] , chromatography mass spectrometry in the selected ion monitoring mode (GC-MS-SIM) [14] , and gas chromatography-mass spectrometry (GC-MS) [8, 22] ; The uses of cold percolation and extracting solvents of either methanol (MeOH) or MeOH-H 2 O (8:2 w/w) to isolate MA and MB have been reported [11, 12, 23] . However, the actual yields of MA and MB purified by column chromatography were low (MA: 0.8-15 µg/g; MB: 0.5-10 µg/g husks) [10, 12, 23] . Therefore, methods to enrich and optimize quantities of MA and MB in rice husks are needed.
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An amount of 30 kg dried rice husks (subtype: Japonica; var. Koshihikari) were collected from rice mills in Saijo area, close to Hiroshima University, Higashi Hiroshima, Japan, in August 2017. The rice husks were ground to a fine powder and immersed in MeOH 100% for 2 weeks at room temperature. Then, this was concentrated under vacuum to produce an extract for isolation and purification of MA and MB.
Extraction and Isolation of MA and MB
The MeOH extract was diluted with MeOH again and mixed with activated charcoal (2 h) to remove chlorophylls and odors and filtered through a celite bed. By this step, no absorption of MA and MB was detected in the activated charcoal (data not shown). It was kept in a refrigerator for 4 h (5 • C) to crystallize fat and filtered through filter papers. The supernatant was concentrated by a rotary evaporator. The obtained solid matrix was dissolved in 300 mL distilled water and sequentially partitioned with hexane, EtOAc. The yields of hexane (40 g 
Reagents and Analytical Instruments
The solvents used for extraction of the rice husks were of analytical grade and purchased from Junsei Chemical Co., Ltd., Tokyo, Japan. The solvents used for HPLC analysis of the extracts as well as the standard chemicals were of HPLC grade and procured from Merck, Tokyo, Japan. The standard MA and MB were isolated in our laboratory as mentioned above at purity of 98% and 97%, respectively. The solvents were filtered through a 0.45 µm Millipore membrane (Millipore, Billerica, MA, USA) before injection into the HPLC. Digital melting point apparatus (Shambhavi Impex, Navi Mumbai, India) was used to determine melting points, whereas a Rudolf autopol model polarimeter was used for measurement of the optical rotations. Pre-coated TLC plates of thickness 0.25 mm and column chromatography filled with silica gel of 70-230 mesh ASTM and LiChroprep RP-18 (40-63 mm) were procured from Merck (Darmstadt, Germany). Visualization of the TLC spots was displayed by 5% H 2 SO 4 in ethanol spray reagent. Both 1 H and 13 C nuclear magnetic resonance (NMR) spectra were obtained on a Brucker DRX-500 model spectrometer (Bruker India Scientific Pvt. Ltd., New Delhi, India) operated at 500 and 125 MHz, respectively. The NMR spectra were obtained in deuterated CHCl 3 using tetramethylsilane (TMS) as an internal standard. The fast atom bombardment mass spectroscopy (FABMS) data were recorded on a JEOL SX-102 spectrometer (JEOL USA Inc., Peabody, MA, USA) and electrospray ionization mass (ESI) in direct mass analysis of high performance liquid chromatography-photodiode array-mass spectrometry detectors (HPLC-PDA-MS) spectrometer (Shimadzu Corporation, Kyoto, Japan) and high-resolution mass spectrometry (HRMS) was measured on Agilent technology 6545Q-TOF LC/MS (5301 Stevens Dreek Blvd. Santa Clara, CA, USA). Infrared spectroscopy was recorded on a fourier transform infrared (FT-IR) spectrophotometer Shimadzu 8201 PC (4000-400 cm −1 ) (Shimadzu Cooporation, Kyoto, Japan). 
RP-HPLC and Separation Conditions
The gradient liquid chromatographic system (model LC-10A series; Shimadzu, Tokyo, Japan) included two LC-10AD pumps controlled by a CMB-10A interface module, a model 7725i manual injector valve (Rheodyne) equipped with a 20 mL sample loop, and a multi-dimensional UV-Vis detector (model SPD-10A) (Shimadzu Europe, Duisburg, Germany). Data were collected and analyzed using a class LC-10. The workstation was equipped with an HP-DeskJet printer (Shimadzu Europe, Duisburg, Germany). The method involved the use of a Waters Spherisorb S10 ODS2 column (250 × 4.6 mm, interior diameter (I.D.), 10 microm) and binary gradient mobile phase profile. The extraction efficiency, peak purity and similarity were validated using a photo diode array detector, and a mobile phase consisting of 0.1% TFA in acetonitrile:water (70:30, v/v). The mobile phase was filtered through a 0.45 µm Millipore filter and degassed by sonication for 30 min. The flow rate was adjusted to 4 mL min −1 with run time of 50 min. Injection volume was adjusted to 10 µL and detection was made at 210 nm. Linearity was observed in the range of 10 to 250 µg/mL, with correlation coefficients of MA and MB were 0.9936 and 0.9928, respectively. Detection limit of MA was 0.9552 ng/mL and quantitation limit was 3.1840 ng/mL. Detection limit of MB was 1.008 ng/mL and quantitation limit was 3.3617 ng/mL (Supplementary Material, Figure S1 ).
MA and MB Enrichment
An amount of 200 g of the dried rice husks were immersed in 1 L solvent and treated by different extractions as shown in Table 1 , of which a different dilution of MeOH (10%, 30%, 50%, 70%, and 100%) was conducted for 1 week (M1, M2, M3, M4, and M5, respectively) ( Table 1) . In similar manner, methods M6 and M7 included distilled water at room temperature and 100 • C, respectively (Table 1) . In the methods M8-M13, distilled water (100 • C) was used in different durations (30 min, 1 h, 2 h, 3 h, and 4 h, respectively), and then immersed in either MeOH 100% (M8, M10, M11, M12 and M13) or EtOAc (M9) for 1 week (Table 1) . Various dilutions of MeOH (100%, 70%, 50%, 30% and 10%) conducted in room temperature and boiled distill water were tested (M14-M20). Then the samples were dried by an oven at 100 • C (SANYO Laboratory Convection Oven MOV-212F D, Sanyo Electric, Osaka, Japan) for 1 h ( Table 1 ). The methods M21-M24 included the samples dried at 100 • C and boiled distilled water in 1-4 h, then placed in MeOH 100% ( Table 1 ). The pressure (120 kPa) was applied, combined with either distilled water or dried (M25 and M26, respectively), followed by using MeOH 100% (Table 1 ). The obtained crude extracts were concentrated under reduced pressure at 30 • C, and dissolved in 100 mL distilled water and successively partition in hexane and ethyl acetate. The hexane supernatant was removed, and the ethyl acetate extract was kept in the dark at 5 • C for further analysis. 
Preparation of MA, MB, and Extracts for Quantification by HPLC
The stock solution of 1.0 mg/mL ethyl acetate extract was prepared by dissolving the purified MA and MB in methanol. The prepared solution was sonicated for 5 min. Sample solutions of the extracts as showed in Table 1 were also prepared at 1.0 mg/mL in methanol and analyzed. All the samples were filtered through 0.45 µm Millipore membranes before injected to HPLC for identification and quantification of MA and MB.
Statistical Analysis
The data were analyzed by one-way ANOVA using the Minitab 16.0 software (Minitab Inc., State College, PA, USA) for Window. Upon significant differences, means were separated using Tukey's test at p < 0.05 with three replications and expressed as means ± standard deviation (SD). Table 1 showed quantities of MA and MB in different extractions, and the relevant amount of the EtOAc extracts. Of which the controls were the actual amounts of MA and MB purified by column chromatography in this study (1.20 and 0.70 µg/g DW, respectively). It was showed that the use of dried (100 • C, 1 h) and distilled water (100 • C, 2 h) combined with MeOH 100% provided maximum amounts of MA and MB (58.76 and 104.43, 51.54 and 102.23 µg/g DW, respectively), as compared to other extracting methods. The use of pressure set at 120 kPa, 100 • C, and distilled water (100 • C, 30 min) combined with MeOH 100% produced the yields of MB from 63.80-71.00 µg/g DW. Other extracting methods showed 20.26-53.03 µg/g DW, while the combination of distilled water (100 • C, 1 h) with MeOH 100% caused the lowest quantity of MB (3.02 µg/g DW) ( Table 1) . For MA, when the sample was dried at 100 • C for 4 h then put in the distilled water (100 • C, 4 h), this resulted in the minimum amount of MA (6.68 µg/g DW), whilst other extracting methods provided 11.76-38.35 µg/g DW. The use of pressure was effectively enhanced yields of MA (17.90-26.26 µg/g DW) and MB (40.78-71.0 µg/g DW). In general, MB was enriched in greater quantities than MA. It was observed that the use of distilled water only and MeOH ≤ 50% at any temperature could successfully purify neither MA nor MB (Table 1 , methods M3-M7, M16-M20).
Results
Results in
Discussion
MA and MB were isolated from rice husks as plant growth inhibitors [5] [6] [7] [10] [11] [12] [13] . The chemical structure of MB was determined as 3,20-epoxy-3α-hydroxy-synpimara-7,15-dien-19,6β-olide, C 20 H 26 O 4 . Secretion of momilactone B was later confirmed for other rice cultivars as well [30] . Besides this, MA (3-oxo-syn-pimara-7,15-dien-19,6β-olide, C 20 H 26 O 3 ) was also found in the root exudates of rice (cv. Koshihikari) [31] . Both MA and MB were further found in various rice cultivars and origins [8, 22, 32] . To date, the biological activities of MA and MB have been limited to allelopathy, antioxidant, antifungal, and antimicrobial activities, although the cytotoxic and antitumor activity of MB on human colon cancer cell was reported [18] . The medicinal and pharmaceutical properties of MA and MB have not been much known, as the isolation and purification of MA and MB are complicated and laborious. There are only several laboratories worldwide have worked on MA and MB, and thus no standards of MA and MB can be purchased. This fact has prevented us from understanding the physiological roles of the two compounds in rice plants, and exploiting potential uses in medicines and pharmaceutics. Table 2 shows the isolation and quantification of MA and MB which have been conducted so far by different analytical instruments, such as HPLC, LC-MS-MS, GC-MS, and GC-MS-SIM, which were applied to measure MA and MB in different parts of rice plants, seedlings, and root exudates. HPLC and TLC were useful in measuring contents of MA and MB in H. plumaeforme [21, 26] . It is not known why rice and H. plumaeforme have quite distinct taxonomies, but they possess both MA and MB [21, 26] . In this study, by column chromatography (CC), there were 1.2 and 0.7 µg/g DW of MA and MB, respectively, which were purified. Comparing with other reports using CC to isolate MA and MB, they were similar to the yields conducted by Kato et al. [10] (0.8 and 0.5 µg/g DW, respectively) and Takahashi et al. [12] (1.0 and 0.8 µg/g DW, respectively). It is a fact that all of these Japanese researchers used similar rice varieties (cv. Koshihikari) as this study. In contrast, Chung et al. [23] achieved much higher quantities of MA and MB (15.0 and 10.0 µg/g DW, respectively) ( Table 2 ), because they apparently used the husks of different rice cultivars in South Korea. In addition, the amounts of MA and MB may also be varied in CC techniques. In this study, the yields of both MA and MB were enriched up to 58.8 and 104.4 µg/g DW (Tables 1 and 2 ). Apparently, the quantities of MA and MB were much increased, and methods that used either rice husks dried (100 • C, 1 h), or boiled (100 • C, 2 h), then combined with MeOH 100% provided the maximum quantities of both MA and MB (Table 1) . By GC-MS, Chung et al. [8] obtained yields of MA and MB in rice husks by 34.7 and 37.8 µg/g DW, respectively. However, the actual amounts purified by column chromatography were only 4.6 and 3.1 µg/g DW, respectively [15] . Thus, it can be seen that the authentic quantities of MA and MB were much less than their amounts estimated by GC-MS, approximately 7.5 and 12.2 folds. In comparison with the yields of MA and MB purified in this study (1.2 and 0.7 µg/g DW, respectively, Table 1), the theoretical volumes quantified by HPLC were 58.8 and 104.4 µg/g DW (Table 1) , respectively, equivalent to approximately 50 and 150 folds, respectively. Thus, the certain extents of MA and MB after the enrichment which can be purified by CC may elevate to 5 and 15 folds. Table 2 showed that, in previous research, different combinations among hexane, EtOAc, MeOH, and water were the most common solvents to extract MA and MB [6, 8, 10, 15, 20, 21, 23, 28, 30] , although benzene [12] and CHCl 3 [10] were also used. However, the use of either benzene or CHCl 3 is not encouraged because of their toxicity. Temperature and pressure have been effective in optimizing yields of natural products, especially in industrial scale [33] . The replacement of MeOH by EtOH to reduce the hazardous possibility [34] during extraction of MA and MB should be also considered. In general, MA was found to be greater in quantity than MB in both rice and H. plumaeforme (Table 2) . It was reported that, although MA had a greater amount in rice plant parts than MB, the biological activities, including allelopathy, antimicrobial and antioxidant activities of MB were stronger than MA [15, 22] . However, in this study, by the treatment of temperature combined with pressure and different dilutions of MeOH, MB was increased in much greater quantity than MA (Table 2) . The quantities of both MA and MB were enriched, although they varied among extractions (Table 1) . Results in Table 1 noted that, although MeOH was an effective solvent in combination with EtOAc, temperature, and pressure, the use of either MeOH ≤ 50% or distilled water only, at any temperature, could not successfully purify both MA and MB (Table 1) . Although quantities of both MA and MB were enriched to 58.8 and 104.4 µg/g DW, respectively, they were in much lower amounts than other phytochemicals present in rice husks, such as phenolic acids and fatty acids.
In this study, the use of temperature was shown to be effective in quantity enrichment of both MA and MB (Tables 1 and 2 ). The treatment of temperature at 100 • C up to 3 h may affect the stability of both MA and MB, and the degradation of natural products from plants can be influenced by high temperature, light, and microbes [35] . In this study, after treatment by temperatures, quantities of MA and MB were soon determined by HPLC and showed effective in optimizing yields of MA and MB (Table 1 ), but the stability of both MA and MB as well as other potent chemicals from rice husks should be further investigated.
As shown in Table 2 , although the endogenous amounts of MA were generally higher than MB in rice husks, exudates, and other plant parts, the treatments of temperature at 100 • C was shown to be more effective in optimizing yields of MB than MA ( Table 1 ). The melting point of 240 • C of MB was higher than the 234-236 • C of MA, which might not be crucial to explain why the yield of MB was greater than MA in this study. The synthesis of momilactones required temperature >150 • C to achieve high yields [36] . The chemical structure of MB differs from MA by an oxygen bridge in a lactone ring (Figure 1 ) which might be more relevant to the superior efficacy from using high temperature to isolate MB as compared to MA, but this needs further elaboration. This study highlighted that MeOH was among the most productive, but the concentrations should not be ≤50%, whilst water was not the ideal solvent to isolate and purify MA and MB (Table 1) . It has been known that amounts of MA and MB largely varied among rice cultivars and origins [22] , and thus the yields of MA and MB in husks of similar rice cultivar in Japan (cv. Koshihikari) in Kato et al. [10] and Takahashi et al. [12] and this study were compared. Firstly, by conventional protocol using column chromatography, we purified 1.2 and 0.7 µg/g, and showed closed values as compared with Kato et al. [10] that successfully yielded 0.8 and 0.5 µg/g, whereas Takahashi et al. [12] showed 1.0 and 0.8 µg/g MA and MB, respectively. However, by HPLC analysis, the quantities of MA and MB were theoretically optimized to 11.8-58.8 µg/g and 3.0-104.4 µg/g, respectively. The use of pressure did not approach the maximum yields of MA and MB in this study, but the optimized amounts were promising (MA: 17.90-26.26 µg/g DW; MB: 40.78-71.0 µg/g DW) ( Table 1 ). This research provided practical information to efficiently purify greater quantities of MA and MB from rice husks to investigate further potent biological activities of the two compounds.
Conclusions
This study established a protocol to enrich and optimize quantities of MA and MB in rice husks by treatments with temperature and pressure, combined with extracting solvents of EtOAc and MeOH. Amounts of MA and MB were strongly productive by treatments of 100 • C, which may be due to their melting points of 234-236 • C and 240 • C, respectively, although the stability of MA and MB after temperature treatment should be further examined. The application of pressure was effective to promote yields of MA and MB. The findings of this study assisted the purification of MA and MB in rice husks more effectively to exploit further biological activities of the two compounds, such as medicinal and pharmaceutical properties. 
